Introduction
Periodic multilayer mirrors systems play an important role as optical components in the x-ray and extreme ultraviolet (EUV) spectral ranges for applications such as space telescopes, x-ray microscopes, EUV photolithography and synchrotron radiation beamlines [1] [2] [3] [4] . Among them, Co-based multilayer mirrors could achieve high reflectivity, for example the Co/Mg multilayer has reflectivity higher than 50% at 25 nm wavelength at the angle of 45° [5, 6] . In order to meet the needs of light sources working in the soft x-ray range, the Co/Mo 2 C multilayer is proposed. Its theoretical reflectivity is 45% at 778 eV close to the Co L3 absorption edge.
In addition, it has been reported that Mo 2 C layer was inserted into the Mo/Si multiyear as barrier layer to improve its thermal stability up to 600°C [7] . Recently the optical properties of the B 4 C/Mo 2 C multilayer have been studied [8] and have given evidence of abrupt interfaces with respect to the B 4 C/Mo multilayer where interlayers were detected. The standard enthalpies of formation of α-Mo 2 C compound was found to be ΔHf o (298.15 K) = -(6.37 ± 0.73) kcal.mol −1 [9] . This indicates that Mo 2 C possesses a good thermal stability and is a good barrier candidate in the multilayer stacks.
We characterize the optical performance of Co/Mo 2 C multilayer with the combination of three methods: (1) grazing incidence x-ray reflectometry (GIXR) at 0.154 nm to determine the structural parameters of multilayer; (2) soft x-ray reflectometry (SXR) at 1.59 nm and 1.33 nm, i.e. close to and far from the Co L3 absorption edge, to investigate the optical performance; (3) enhanced fluorescence by x-ray standing wave (EFXSW) to confirm the usefulness of the stack model. The value of the EUV optical index of nano-films in the vicinity of the absorption edges of the components is well known to have a large uncertainty. In fact, its accurate determination is required in order to calculate the optical performance of various optical films such as the proposed Co/Mo 2 C one. Thus, in addition to studying the optical performance of Co/Mo 2 C multilayers in both hard and soft x-ray regions, we show in the present work that it is possible to determine the optical index (n-ik) of a Co nanofilm in the Co/Mo 2 C multilayer system near the Co L3 edge by combining these three methods. While x-ray reflectometry is a well-established technique to determine the characteristics (thickness, density, optical index) of thin films [6] , EFXSW in the soft-x-ray range is only at its early stages compared to hard-x-ray SW [10] .
Recently some of us have developed a model based on the emission of a radiating dipole embedded in a multilayer structure to describe the EFXSW [11] . This model will be used in this work.
Sample fabrication and preparation
The Co/Mo 2 C multilayers were prepared by direct-current magnetron sputtering method. The substrates were sliced and polished Si (100) wafers, with surface roughness of 0.4 nm rms. The based pressure was 10 -5 Pa before deposition. The sputtering gas was argon (99.999% purity) at a constant working pressure 0.1 Pa. The powers applied to sputtering target were 40 W and 60 W for Co and Mo 2 C, respectively. The aimed period was equal to 4.1 nm and ratio of the Mo 2 C thickness to the period, known as a Γ ratio, was 0.36, resulting in Co and Mo 2 C thickness of 2.6 nm and 1.5 nm, respectively. Six samples with an area of 20 x 20 mm 2 were deposited separately on the Si wafer in the same conditions. From one sample to another a small variation of the period can exist. The bi-layer number for each sample was 30. A 3.5 nm thick B 4 C capping layer was deposited onto the top to prevent oxidation. To evaluate the thermal behaviour of Co/Mo 2 C multilayer, five samples were annealed at the temperature of 200°C, 300°C, 400°C, 500°C and 600°C for 1 h in a furnace with a base pressure of 3.0×10 -4 Pa, respectively. After annealing, the samples were cooled down to the room temperature naturally.
Results and discussion

X-ray reflectivity measurements
Reflectivity measurements were carried out in both hard and soft x-ray regions. GIXR was performed using the Cu Kα emission line (0.154 nm, 8048 eV) while reflectivity curves at the Cu Lα emission line (1.33 nm, 930 eV), close to the application energy but far enough from the Co L3 edge, were measured with the MONOX apparatus [12] . The fitting procedure of the GIXR curves were performed with Bede Refs software (genetic algorithm). The multilayer structure model is substrate/[Co/Mo 2 C] 30 /B 4 C with layer thicknesses and their interface roughness variable in the fitting procedure [13] . The fit can provide the value of the structural parameters (thickness and roughness) of the layers while measurements at 1.33 nm allow checking and refining these values.
SXR measurements in the Co L3 region (1.59 nm, around 778 eV) were performed at the BEAR beamline [14] at the Elettra synchrotron radiation centre using s-polarized light. The photon energy was calibrated by x-ray photoemission spectroscopy using as a reference the Au 4f 5/2 binding energy of 87.6 eV. Since in the vicinity of Co L3 absorption edge the refractive index of the Co nanofilm may be strongly modified with respect to the tabulated bulk value, the real and imaginary parts of the Co refraction index have been considered as variables in the SXR fitting.
GIXR curves of as-deposited and annealed from 200 to 500°C are presented in Fig.1 . Four well-defined Bragg peaks are observed in the probed range. There is no significant change of the Bragg peaks between room temperature and 400°C, which indicates that the Co/Mo 2 C multilayer is stable up to 400°C. The intensity of the 4 th Bragg peak is low and varies, especially in the high annealing temperature range. At 500°C there is no more 4 th Bragg peak. Structural parameters such as the period and interfacial roughness, deduced from the fitting of the GIXR curves, are listed in Table 1 . These fits were done using the bi-layer model, by considering only Co and Mo 2 C layers in the stack.
The measured periods are in good agreement with the aimed value of 4.10 nm but vary slightly from one sample to another (see the column before annealing) because the samples have been prepared separately. The roughness of Mo 2 C layers is small, around 0.25 nm, and independent of the annealing temperature. The fitted value of the roughness of Co layer fluctuates largely with the annealing temperature between 0.3 and 0.8 nm, which is considered to be large with respect to the thickness of the Co layer 2.60 nm. This means that Co-on-Mo 2 C and Mo 2 C-on-Co interfaces are asymmetrical. This asymmetry has also been reported in Co/Mg and Mo/Si systems [15] [16] [17] [18] .
To confirm the description of each layer (thickness and roughness), reflectivity measurements around the first Bragg peak for samples annealed from 200 to 600°C temperatures were performed at 1.33 nm and are presented in Fig.2 . It can be noticed that the maximum position varies to some extent with the annealing temperatures, as has already been observed in the hard x-ray range, Fig.1 . Within the experimental uncertainty, the values of period and roughness deduced from the fit of the curves obtained at 1.33 nm are in agreement with those from the curves measured at 0.154 nm. Fig.3 shows the SXR curves measured at 1.59 nm for all the samples up to the fourth Bragg peak. The photon energies are chosen according to the maximum of the photon energy scan measured at 11°, see reference [19] , and change slightly from one sample to another. The thermal stability of the multilayer is good because the reflectance at the first Bragg peak goes from about to 0.25 for the as-deposited sample to about 0.20 for the sample annealed at 600°C. In Fig.3 , the reflectivity curves are presented on a logarithmic scale. It can be seen that the difference between samples in terms of Bragg peak reflectivity and position increases with the grazing angle. Reflectivity of the fourth Bragg peak for all samples is less than 0.1%. In addition, except for the first peak, the others three Bragg peaks are surrounded by shoulders. This phenomenon is due to some contribution of the diffuse scattering. This was checked on one sample: in the same experimental condition, we used a detector with a smaller angular acceptance than the one to measure the sample annealed at 200°C and obtained the reflectivity curve without shoulders (not shown).
The structural parameters of the stacks are taken from the fits of the reflectivity curves (both at 0.154 and 1.33 nm). The The corresponding reflectivity curves and fit results are presented in Fig.4 for the as-deposited and 600°C-annealed samples. The variations of optical indices n and k of Co with respect to the CXRO database [20] are listed in Table 2 .
As can be seen, the imaginary part k for both samples has to be modified significantly to obtain a good agreement, while the real part n is almost equal to the value from the CXRO database and needs only to be adjusted slightly. The same has been done for the reflectivity curve of the 200°C-annealed sample. This leads to a 33% reduction of the imaginary part of the Co index, see Table 2 . This means that the absorption in Co layers is much smaller than expected from the tables. Indeed it can be seen in Fig.5 that the database value does not take into account the fine structure of the absorption coefficient in the vicinity of the Co L2,3 edge; in the database the absorption profile is represented by a single jump and the L2 edge does not exist. It is surprising to see that the imaginary part of the index deduced from the absorption experiment [21] should be higher than that from the database while in our analysis it is the contrary. However, the experimental curve in Fig.5 is obtained for bulk Co and is probably not fully representative of Co nanofilm owing to some possible change of density or of chemical state if some intermixing exists with the Mo 2 C layers. Let us note also, that a slight error in the photon energy calibration can lead to very a different imaginary part of the Co index. annealing (see Table 2 ).
Enhanced Fluorescence by XSW
EFXSW is based on the system of standing waves obtained within a periodic multilayer structure in the regime of Bragg diffraction. The peaks of electric field intensity can be localized in the regions of interest of the multilayer structure by adjusting the grazing angle of the incident excitation radiation. This radiation can give rise to fluorescence radiation coming mainly from the regions of the intensity peaks of the excitation radiation. This kind of experiment can be carried out with different geometries. In the present work we have adopted the so-called de Boer configuration [22] where only the incident excitation radiation undergoes Bragg diffraction. In our experiment the excitation radiation is By means of the model given in Ref. [11] , we have fitted the EFXSW curves using a bi-layer model as for the reflectivity fitting. Fig.7 shows the results: for the 200°C-annealed sample, Fig.7a , using the tabulated value of the Co refractive index, does not allow us to fit the experimental curve while using the tabulated value of the real part of the refractive index and 25% of the tabulated value of the imaginary part allows us to obtain an agreement provided one smoothes the theoretical results to take into account the aperture of the detector. This analysis is in agreement with the results of the reflectivity measurements. The same fitting procedure was performed with the 600°C-annealed sample, Fig.7b , and once again the best fit, in agreement with the results of the reflectivity measurements, is obtained when 40% of the tabulated value of the imaginary part of the Co optical index is used. Let us note that the simulation for the 600°C annealed sample seems better than the one for the 200°C annealed sample. This is probably due to the fact the simulations are made by considering the bi-layer model without interfacial mixing as also suggested in section 3.1. Actually, formation of an interfacial compound could be considered as one reason for the variation of the imaginary part of Co upon annealing (see Table 2 ).
Conclusion
The optical properties of Co/Mo 2 C multilayers are studied by the combination of hard and soft x-ray techniques, x-ray reflectivity measurements in the hard and soft x-ray ranges, and enhanced fluorescence by x-ray standing waves. The optical performance of the system depends a little on the annealing temperature up to 600°C showing the good thermal stability of the Co/Mo 2 C multilayer: the reflectivity value in the soft x-ray range at a grazing angle of 11° is 25% for the as-deposited sample and is still 20% after 600°C annealing temperature. The values of the structural parameters of the stack derived from the fit of the XRR curves (both at 0.154 and 1.33 nm) show a good agreement between experimental and aimed periods, and a limited variation of period and interfacial roughness after annealing. The convergence between the analysis by reflectivity and by fluorescence, requiring the use of the same modified optical indices of the Co layers, confirms the description of stack. Let us note that the thermal stability of the first layers, including the B 4 C capping layer, of the structure was confirmed by XPS induced by XSW [24] .
